Background
The coordination of cell-cycle progression is maintained by checkpoints that prevent passage through the cell cycle if key events are not completed [1] [2] [3] [4] . There are several well documented dependency relationships in the cell cycle; the main examples are: mitosis is prevented until DNA replication is complete [5] ; DNA synthesis cannot be initiated until completion of the previous mitosis [6] ; mitosis does not progress if spindle formation is blocked [7] [8] [9] ; and mitosis is prevented during G1 when cells are not committed to the mitotic cycle [10, 11] .
Checkpoints that control mitosis in response to the DNA status have been genetically defined in both budding and fission yeast [12] [13] [14] [15] [16] [17] [18] . Two distinct checkpoints have been defined: the S-phase-mitosis (S-M) checkpoint, which responds to changes in the replicative state of the DNA; and the DNA-damage (or 'radiation') checkpoint, which monitors the status of the DNA for both spontaneous and induced DNA damage, and for lesions in the newly replicated DNA (such as incomplete ligation). Although many proteins that act in these checkpoints have been identified, little is known of the biochemistry of the mechanisms that underlie the checkpoints, or of the pathways which transduce the signal from the lesion to the cell-cycle machinery. Recent genetic evidence has potentially linked the S-M checkpoint to DNA polymerase E [19] , strengthening the notion that the replication machinery is directly responsible for initiating the S-M checkpoint signal.
In the fission yeast Schlizosaccharomyces pombe, the S-M and radiation checkpoints require many of the same gene products, suggesting that they are closely related in mechanism. The radiation checkpoint requires the products of at least seven non-essential genes -radl, rad3, rad9, rad17, rad26, hutsl and chkl -and also involves the essential and functionally redundant genes encoding 14-3-3 protein homologues, rad24 and rad25 [20] . Null mutations in the 'checkpoint rad' genes (radl, rad3, rad9, radl7, rad26 and blusl) have very similar phenotypesthese mutants are defective in both the S-M and DNAdamage checkpoints [13, 16] . In contrast, the Chkl protein and the 14-3-3 homologues are specific to the DNA-damage checkpoint, and are not required for the S-M checkpoint, which arrests mitosis when DNA synthesis is inhibited (either genetically or biochemically) by the absence of substrate nucleotide subunits [16, 21] . The Chkl protein is a putative protein kinase which, when overexpressed, prevents cell-cycle progression [20] . Although the substrate(s) for the Chkl kinase has not been identified, and many of the components of the relevant signal-transduction pathway await identification, Chkl has been implicated in the regulation of p 3 4 cdc2 activity [21] . It acts downstream of the checkpoint ad gene products and may be upstream of the rad24/rad25 function [20] .
In this report, we demonstrate that the cell-cycle arrest pathway mediated by Chkl is required to prevent mitosis in cells blocked in passage through 'start' -the point in G1 phase when cells commit to the mitotic cycle. This observation further subdivides the mitotic-control checkpoint pathways in fission yeast, and provides a conceptual framework for examining the origin of the checkpoint signals at different stages of the cell cycle.
Results

cdc10 arrest is 'bypassed' in chkl and radl7 mutants
The chk I gene has previously been shown to be required for mitotic arrest in response to DNA damage and Fig. 1 . Cell-cycle progression in synchronous cdclO, cdclO chkl and cdclO radl7 single-and double-mutant cultures. In exponentially growing G2 cells from (a,d) cdc10-V50, (b,e) cdcl0-V50 chkl-r27d and (c,f) cdcl0-V50 radl7-d cultures synchronized using lactose gradients, the progress through the cell cycle was followed by (a-c) scoring for septation index at the permissive temperature (27 C) and (d-f) scoring for both septation index and microtubule distribution at the restrictive temperature (36 °C) . At the permissive temperatures, all cultures divided synchronously for several divisions as expected. At the restrictive temperature, cdc10 cells underwent a single normal division and then arrested as mononucleate cells with interphase microtubules. In contrast, both cdcl0 chkl and cdclO rad17 cells continued into a second, catastrophic, mitosis without appreciable delay compared to the permissive-temperature control culture. Photomicrographs of the cells after staining for microtubules, SPBs and les unligated DNA, but not for the response to the presence of unreplicated DNA [16, 21] . To identify further events that may be monitored by the checkpoint pathways which control mitosis, we tested the ability of the chkl1-r27d null mutant and of a representative of the checkpoint rad class of mutant (rad I 7-d) to prevent mitosis in a range of cdc mutant backgrounds. All of the cdc mutants used usually cause cell-cycle arrest with a single undivided nucleus at the restrictive temperature ( Table  1) . As expected, neither Chkl nor Radl7 function was required to prevent mitosis when activation of the p34cdc2-p56cdc 13 mitotic kinase was prevented by temperature-sensitive cdc2, cdc13 or cdc25 mutations. Similarly, the cell-cycle arrest caused by the cdc5 and cdc28 mutations did not require Chkl or Rad17 functions (see also [22] ). When bulk DNA synthesis was prevented by a cdc22 mutation, cell-cycle arrest was dependent on the presence of the radl 7+, but not of the chkl + gene product. We therefore confirm the previous observations that the S-M checkpoint is independent of Chkl, but dependent on the checkpoint rad gene products [16, 21] . The rad 1 7-d mutant has a profile of mitotic arrest defects in S and G2 phases similar to that seen in cdc2-3w mutant cells (Table 1 ; [23] ). However, mitosis does not occur in a cdc2-3uw mutant background in cells arrested at start by temperature-sensitive cdclO mutants [5] . In sharp contrast, we found that Chkl and Radl7 functions were both required in order to prevent mitosis when the cell cycle was arrested prior to commitment at start.
To confirm the cells undergo a true mitosis, it is important to establish the kinetics of mitotic and post-mitotic events. We therefore quantified, by fluorescence microscopy, spindle formation, spindle function, cytokinesis and the correct re-establishment of an interphase cytoskeleton following a temperature shift. Synchronous cultures of cdclO single mutants and cdclOcchkl and cdcl0 rad17 double mutants were examined. The cdcl0 single-mutant cells maintained an interphase distribution of microtubules, contained a single spindle pole body (SPB) for at least 6 hours after cell-cycle arrest, and did not septate (Figs 1,2 ). This indicates that mitosis does not occur in cells arrested by the loss of Cdcl0 function. In contrast, spindle formation and the appearance of septa in cdclO chkl (Figs 1,3 ) and cdclO radl7 (Figs 1,4) double mutants followed similar kinetics whether Cdc10 function was lost or normal. Observation of nuclei by DAPI (4',6'-diamidino-2-phenylindole dihydrochloride) staining indicated that chromosome segregation was attempted but not completed correctly, and many cells exhibited a 'cut' phenotype with lumps of chromatin strung out along the spindle [24] . We also followed the appearance of post-anaphase arrays of cytoplasmic microtubules (data not shown). In all cases, the post-anaphase array of microtubules was established normally and the SPBs were inactivated. This indicates that all aspects of cell-cycle progression that normally follow commitment to mitosis (from spindle formation, through cytokinesis, to the correct establishment of the interphase cytoskeleton in daughter cells) are present. These results demonstrate normal entry into, and exit from, mitosis by chk I and radl 7 cells, even in the absence of Cdcl0 function.
Further examination of the photomicrographs revealed an interesting phenomena (Figs 3,4) . Following the first abortive attempt at mitosis after loss of CdclO function, many cells attempted a further round of spindle formation within a very short time (30 minutes to 1 hour). The SPB staining at either end of the spindle (for example, see Fig. 3p -u) demonstrated that the microtubule staining was a genuine spindle rather than a short cytoplasmic microtubule bundle. These observations show that, following the first abortive mitosis and missegregation of the DNA, all checkpoint control regulating the [25] .
cdclO-V50 (Figs 1-4 ) and cdc10-129 (data not shown). However, it remains possible to interpret the data shown in Figures 1-4 as resulting from incomplete or 'leaky' cell-cycle arrest in these mutants. It could be argued that these cells are merely arrested transiently at start before 'leaking through' the block to S phase. Although the cdcl0 chkl cells at the restrictive temperature did not pass through S phase, as judged by fluorescence-activated cell sorting (FACS) analysis (data not shown), this technique is not sufficiently sensitive to detect entry into early S phase. Therefore, we have addressed this issue by examining the sensitivity of the abortive mitosis to inhibition by the S-phase checkpoint Genetic analysis (Table 1 and [4, 16, 21] ) has demonstrated that the S-M checkpoint (which is independent of Chkl function) is activated when S phase is prevented by the absence of nucleotide precursor subunits and that the DNA-damage checkpoint that is dependent on Chkl can be activated during late S phase and G2 by lesions such as incompletely ligated DNA. The S-M checkpoint therefore defines a 'window' during S phase where mitosis can be prevented in both wild-type and chkl null mutant cells by inhibiting DNA synthesis. It is possible to use this window to test whether cdcl0 arrested cells have leaked through and entered into S phase. If they have, they will become subject to the S-M checkpoint when in the presence of hydroxyurea, and mitosis will be arrested. If they are not, they will not engage the S-M checkpoint (as they are not in S phase), and so hydroxyurea will not affect entry into abortive mitosis. We determined that both the chkl cdc10-129 and chkl cdclO-V50 double mutants execute abortive mitosis in the presence of 10 mM hydroxyurea ( Fig. 5) , showing that cdclO chkl double-mutant cells were executing mitosis before S phase was initiated -from G1 during cdcl0 arrestand not after leaking through into S phase.
As hydroxyurea will arrest cell-cycle progression normally in synchronized chkl mutants when CdclO function is intact, this observation identifies three distinct circumstances which can activate the mitotic control checkpoints. Firstly, during G1 and before the onset of S phase, a checkpoint is required to prevent mitosis. This checkpoint is Chkl-dependent. Secondly, during S phase, a distinct Chkl-independent checkpoint is required to prevent mitosis. Thirdly, during the late stages of S phase and during G2, the Chkl-dependent DNA-damage checkpoint is required to prevent mitosis.
Abortive mitosis is not an artifact of the synchronization procedure In order to eliminate the possibility that the procedure we have used to synchronize the cells causes artifactual loss of the G1-M checkpoint in chkl and radl7 null mutant cells, we performed two additional experiments. In the first, asynchronous cultures of cdcl0, cdclO chkl and cdcl0 rad17 cells were shifted to the restrictive temperature for CdclO function and cell-cycle progression was monitored by following the septation index (the data in Figs 1-4 demonstrate that this is a suitable measure of mitotic progression). The loss of CdclO function in a chkl + background affected mitosis after approximately 150 minutes. At this time, the cdcl0 single-mutant culture showed a decrease in septation index, which remained low for several hours. This trough of septation was not seen in cdc 10 chkl or cdc 10 rad 17 cultures (Fig. 5e ).
In the second experiment, the asynchronous shift experiments were repeated after incubating the cells in lactose (Fig. 5g,h ) in order to eliminate the possibility that the brief exposure to lactose during synchronization affected cell-cycle kinetics. Cells behaved in an identical fashion whether or not they had been incubated in lactose prior to the temperature shift. Together, these results confirm that the bypass of the G1-M checkpoint seen in Figures  1-4 is not an artifact of the synchronization procedure.
The G1-M checkpoint deficiency is not confined to cdc10 arrest In order to determine whether the loss of the G1-M checkpoint in Chkl-deficient cells is unique to cdclO mutant arrest, we sought an alternative way of arresting cells at start. A partner of CdclO in the transcription factor complex that initiates S phase is the product of the sctl+/resl + gene [26, 27] . We therefore tested whether sctl + / resl+-defective cells arrested cell-cycle progression in the presence of chkl-r27d or radl 7-d mutations. As the available mutation in the sctl/resl gene (a partial deletion) is already defective in start transit at the permissive temperature of 30 C, leading to aberrant cell size at division, it is not possible to generate physiologically normal synchronous cultures [26] . However, upon shift of an asynchronous culture to the restrictive temperature of 36 C, there is an increase in cell length at division in the res 1-mutant, which reflects a delay to mitotic execution arising from a leaky G1 arrest [26, 27] . This delay was not seen in the presence of deficiencies of either Chkl or Radl7 (Fig. 6) , where many cut and anucleate cells accumulated. Indeed, even at 30 °C (the permissive temperature), cell-length distribution of resl chkl I and res1 rad17 double mutants, unlike the res 1 single mutant, resembled that of the wild-type population. This suggests that mitotic commitment was being limited by the pl07wecl-dependent cell-size control in the double mutants and was no longer being influenced by the Chkl-and Radl7-dependent checkpoints. As the chklr27d mutant retains the S-M checkpoint, it is unlikely that the Chkl-dependent delay seen in res 1 cells is due to a delay to S phase. The results seen with resl cultures are therefore fully consistent with the inability of radl7 and chkl strains to prevent mitosis occurring during pre-Sphase G1 arrest.
ruml
+ and chkl + genes do not interact genetically We have demonstrated that Chkl function is required to prevent mitosis in cells which cannot progress through start. This has interesting parallels with the observation that the product of the rum ml + gene is required to establish the G1 phase of the cycle [10] . The deletion of the nn l gene causes mitosis to occur in the absence of 4 Fig. 3. (Facing page). Photomicrographs of synchronized cdclO-V50 chkl-r27d double-mutant cells at 36 C. (a-c) CdclO function. Overexpression of rnm 1 + prevents mitosis, but does not prevent passage through the G1 and S phases of the cell cycle -continued passage through multiple discrete S phases are observed without intervening mitoses.
The G2-arrest profile of rm l-null cells following exposure to ionizing radiation is normal (Fig. 7) , and rum 1-cells are not sensitive to radiation (data not shown).
This rules out the possibility that Ruml acts as a specific inhibitor of mitotic p 3 4 cdc2 activity after DNA damage. This is also supported by the results of overexpression experiments: the mitotic arrest caused by chkl overexpression [20] is not dependent on the presence of the rum l + gene, and the mitotic arrest caused by the overexpression of rum 1+ [10] is not dependent on the presence of the clk 1 + gene (data not shown; summarized in Table  1 ). Thus, Ruml is not activated by a Chkl-dependent pathway after DNA damage, or by the overexpression of Chkl. These experiments also rule out the possibility that the mitotic delay caused by the overexpression of rum i + is indirect, acting through the chk i + gene product. From these observations, we conclude that chk I and rum 1 show no evidence of genetic interaction, and that rum 1 + is not involved in the radiation checkpoint.
The data of Moreno and Nurse [10] , and the data we report here, indicate that both Ruml and Chkl are involved in preventing mitosis during the G1 period of the cell cycle. However, we find no evidence that they operate in the same checkpoint pathway. Our interpretation of this is as follows. Ruml is involved in establishing the G1 period of the cycle, but is not part of the checkpoint pathway which is engaged during this G1 period to prevent mitosis. When cells cannot exist in G1 -when nrum + is deleted -the Chkl-dependent G1-M checkpoint cannot be engaged, although it remains intact. Investigation of this hypothesis must await the creation of biochemical frameworks for the DNA-structure checkpoint pathways and the mechanism of Ruml action.
Discussion
DNA-structure checkpoints have previously been shown to arrest mitosis after a block to the cell cycle imposed in either S phase or the G2 period (reviewed in [28] ). They also arrest mitosis in response to DNA damage. In addition to preventing mitosis, DNA damage also prevents DNA synthesis. In Saccliaronlyces cerevisiae, the inhibition of DNA synthesis is dependent on some of the same proteins that are involved in mitotic arrest [18, 29] . The control of DNA synthesis following DNA damage has not been addressed in S. pombe, but it is clear from previous work that the effects of Chkl and Radl7 function on mitosis can be addressed independently of any effects that they may have at the G1-S border [16, 20] .
At the restrictive temperature, cdc10 mutant cells are blocked in progress through start -they arrest before the initiation of S phase with a 1C DNA content and do not attempt mitosis, but remain capable of mating. This phenotype defines 'start' in fission yeast, and cdcl0 mutant cells blocked at start have been reported to arrest mitosis normally when the S-M checkpoint is compromised by the cdc2-3w mutation [5, 23] .
We have demonstrated here that, in rapidly proliferating cells compromised in passage through start, the chkl gene product is required to prevent mitosis before DNA synthesis is initiated. Loss of this novel checkpoint causes cells that'are prevented from passing through start to enter a catastrophic mitosis with unreplicated DNA. As this catastrophic mitosis is not prevented by blocking DNA synthesis with hydroxyurea (which causes mitotic arrest in chkl cells with functional Cdc10), we are confident that our results are not due to cdcl0-arrested cells leaking through start arrest and passing into S phase. If such leak-through did occur, it would result in the onset of DNA synthesis and cells would become sensitive to hydroxyurea arrest, thus activating the Chkl-independent S-M checkpoint which would prevent mitosis. Furthermore, a hallmark of leak-through is cell-to-cell variation in a population. This is demonstrated by the data in Figure 6 on the res l single mutant, where partial loss of Resl function leads to a somewhat arbitrary cell size at mitosis. This contrasts sharply with the regimented conformity of cell size and mitotic timing seen in the cdclOchkl double mutants executing mitosis before S phase.
Arrested cdclO cells are in a state prior to the onset of hydroxyurea-sensitive DNA synthesis that is consistent with their arrest in G1 phase. We can see no evidence that leads us to redefine the previously defined arrest point of cdcl0 mutants, and we conclude that the most likely explanation for our observations is that Chkl function is required for a checkpoint that prevents mitosis in growing cells which have not yet entered S phase. Other explanations cannot, of course, be precluded. For example, the phenotype of the chkl cdclO double mutant is similar to that of the cdc18 deletion mutant, where cells pass through start normally, but S phase'is not established and thus the S-M checkpoint cannot be engaged [30, 31] . It is formally possible (but we consider it unlikely) that, in the absence of Chkl function, cdclO arrested cells can pass start, but do not activate Cdcl8 function and therefore execute mitosis.
It has recently been reported that chkl cdclO double mutants arrest mitosis normally when exiting from stationary phase [32] . This contrasts with our results, and demonstrates that different checkpoint controls operate in rapidly cycling cells than in cells re-entering the cell cycle from GO phase following nitrogen starvation. There are likely to be significant physiological differences between nitrogen-starved cells re-entering the cell cycle and rapidly proliferating G1 cells. For example, nitrogenstarved cells are known to condense their chromosomes, and it takes approximately 2-4 hours following a shift to rich media before interphase chromatin is re-established [33] . In view of this, it would be surprising if there were not differences in the pathways controlling cell-cycle progression between cycling cells and cells released from nitrogen starvation.
A possible model for the checkpoints controlling mitosis in fission yeast
The S-phase and DNA-damage checkpoints, which have been shown previously to be deficient in the checkpoint rad class of mutants of fission yeast, monitor the status and integrity of the DNA. It is not known if these pathways monitor the DNA directly, or through protein structures associated with the DNA. In the case of the S-M checkpoint, the available genetic evidence suggests that the replication complex is the source of the S-M checkpoint signal (reviewed in [28] ), but this has not been demonstrated biochemically.
During progression through the cell cycle, it is known that specific protein structures are associated with the DNA during the different periods (Fig. 8) . During G1 phase, pre-replication protein complexes are associated with the origins of replication, and these undergo unknown modifications as cells pass through start [34] and assemble replication complexes. During DNA synthesis, the replication complexes are associated intimately with the DNA and are presumed to dissociate only when replication is complete. By this time, post-replication complexes are associated with the DNA at the origins of replication [34] .
We suggest that the DNA-protein structures that are particular to the different phases of the cell cycle could provide targets for the different DNA-structure checkpoints to monitor as the sources of the various cell-cycle checkpoint signals which inhibit mitosis. In addition, the repair complexes, which may also contain a number of Fig. 8 . Model for mitotic entry checkpoints in S. pombe. Prior to the commitment to DNA synthesis, pre-initiation complexes could generate a signal via a Chkl-dependent pathway which inhibits mitosis. Following the formation of replication complexes, a Chkl-independent pathway can generate a signal that prevents mitosis from occurring. At any point in the cycle, the Chkl-dependent DNA-damage checkpoint can respond to DNA damage/repair structures to prevent mitosis. Work reported by Hayles and Nurse [32] suggests that nitrogen-starved GO cells prevent mitosis via a Chkl-independent pathway. replication proteins, are transiently associated with the DNA during the act of repair. These may similarly provide suitable DNA-protein complexes which could act as the source of the radiation-checkpoint signal, from any point within the mitotic cycle.
Interestingly, upon entering stationary phase, the structure of the protein complex associated with the origin undergoes a seemingly distinct modification [34] . This could account for the apparent requirement for different mitotic control checkpoint pathways in cells exiting from stationary phase [32] when compared to those in logarithmic growth.
Conclusions
We have demonstrated that fission yeast cells arrested in passage through start are prevented from entering mitosis by a checkpoint pathway which requires the function of Chkl and Radl7. This pathway is closely related to, but distinct from, the previously described DNA-structure checkpoints which prevent mitosis following a block to DNA synthesis or when the DNA sustains damage. The identification of three distinct mitotic-control checkpoints in fission yeast provides a framework within which the biochemical nature of these checkpoint pathways can be investigated.
Materials and methods
Genetic techniques
A list of strains created and used in this study is given in Table  1 . Double mutants were constructed using standard genetic techniques as described in Gutz et al. [35] and monitored for the cut phenotype (ascertained microscopically following DAPI and calcofluor staining) [13] and the rapid-death phenotype (ascertained by testing the ability of cells to recover from a brief temperature shock -4 h at 36 °C for temperature-sensitive cdc mutants) [13] . The radl 7 mutant has a very similar phenotype to the other checkpoint rad mutants -radI, rad3, rad9, rad26 and husl. Double mutants of all of these with cdc22, cdcl7 and cdclO were constructed and checked following a temperature shift. All displayed defects similar to the respective radl 7 double mutants, suggesting that radl 7 can be considered as a representative of the checkpoint rad class of mutants for this analysis.
Radiation checkpoint measurement
Cultures of synchronous cells were prepared on a 7.5-30 % lactose gradient. G2 cells were recovered from the top of the gradient, washed in supplemented yeast extract (YES) media [35] , and inoculated into fresh YES media. Samples were subjected to either 0, 50, 100 or 250 Gy ionizing radiation using a Gammacell 1000 137 Cs source (12 Gy min -1 ) and incubated at 29 °C. Aliquots were removed at 15 min intervals and fixed in methanol for estimation of passage through mitosis by DAPI and calcofluor staining [13] .
Overexpression studies
The chk 1 + and rum 1 + genes were overexpressed from the nmt I promoter [36] . The cihkl + cDNA is cloned as an NdeI-BamHI fragment in the pREP1 vector [16] . The ruml + construct (a gift from P. Nurse and B. Stern) was in pREP3 [10] . The nmtl promoter takes approximately 16 h to be fully expressed following a shift to thiamine-free media [36] . Cells were observed microscopically 24 h after the shift and tested for colony-forming ability (alongside 'empty vector' controls) under the same conditions. Cells did not form colonies when extensive elongation was observed.
Immunofluorescence
Synchronous cultures for immunofluorescence were prepared from asynchronous cultures growing exponentially at 25 °C [37] . A two-step synchronization procedure was used: cells were initially synchronized on a 40 ml 10-40 % lactose gradient and were then immediately passed over a second (12 ml) 10-40 % lactose gradient in order to achieve optimal uniformity of the cell size. Cells were then washed, inoculated into fresh medium, split into two and incubated at either 25 °C or 36 °C. Cell plate indices were monitored using calcofluor staining and scoring only those cells with a equatorial brightly staining bar as having septa. Cells (107) were harvested every 20 min from the 36 °C culture and prepared for glutaraldehyde/formaldehyde immunofluorescence according to Hagan and Hyams [38] . Samples were stained using TAT1 anti-tubu-lin [39] and rabbit polyclonal anti-Sadl [40] antibodies with CY3 conjugated anti-mouse ackson Lab) and FITC anti-rabbit (Cappel) antibodies at appropriate dilutions. Cells were scored for the presence of mitotic spindles, as judged by a strong tubulin staining bar between two Sadl dots, and for the post-anaphase array [38] . Color images were produced by image capture using a Hamamatsu SIT Camera and C2400 processor. Immunofluorescence of induced cells was performed 24 h after shift to thiamine-free media.
